To evaluate the posterior segment of the eye using spectral-domain optical coherence tomography (SD-OCT) in patients with internal carotid artery (ICA) stenosis.
INTRODUCTION
The ophthalmic artery (OA) is the first branch of the internal carotid artery (ICA), and the branches of the OA supply blood to all structures in the eye. Therefore, stenosis of the ICA may cause ocular blood hypoperfusion. ICA stenosis has been associated with various ophthalmic disorders, such as ocular ischemic syndrome, neovascular glaucoma (NVG), and vascular occlusions.
1,2
By using indocyanine green videoangiography, a previous study revealed severe choroidal hypoperfusion in eyes affected by ICA obstruction. 3 The authors also showed that choroidal hypoperfusion results in multiple occlusions of the choriocapillaris and attenuated choroidal vessels. Other experimental data indicated that bilateral common carotid artery occlusion results in an incomplete retinal ischemia, leading to chronic ganglion cell loss, optic nerve degeneration, and other forms of cerebral degeneration.
4,5
The popularity of spectral-domain optical coherence tomography (SD-OCT) for qualitative and quantitative analysis of the retina is on the rise. Currently, the introduction of enhanced depth imaging OCT (EDI-OCT) has provided a new means of assessing the choroid with commercially available SD-OCT devices. EDI-OCT allows in vivo examination and quantification of the choroid.
6,7
Ocular ischemia is believed to occur when the ICA stenosis is greater than 90%. 8 Before the development of ocular findings associated with ICA stenosis, we had merely been assuming that the choroid and retina may be affected in patients with ICA stenosis. In the present study, we used SD-OCT to evaluate quanti-tatively the posterior segment of the eyes of patients with ICA stenosis who did not have any previous ocular findings. We compared these evaluations with those of age-and gender-matched healthy controls without ICA stenosis.
PATIENTS AND METHODS

Study Population and Design
This prospective, comparative study was performed at the cardiology and ophthalmology departments of Istanbul Mehmet Akif Ersoy Thoracic and Cardiovascular Surgery Education and Research Hospital and Istanbul Kanuni Sultan Suleyman Education and Research Hospital. The study adhered to the tenets of the Declaration of Helsinki for human experimentation. All participants received oral and written information about the study, and each participant provided written, informed consent.
The patients were divided into two groups: the study group of 25 patients with ICA stenosis and the control group of 25 patients without ICA stenosis who were matched to the study sample by age and gender. All patients in the study group were diagnosed with unilateral ICA stenosis on the basis of carotid angiography. The degree of each individual's ICA stenosis was determined with angiography, and every individual in the study group was recruited from the cardiology clinic of Mehmet Akif Ersoy Thoracic and Cardiovascular Surgery Education and Research Hospital. The individuals in the control group were excluded in terms of ICA stenosis by the same clinic.
Our ocular exclusion criteria were a best corrected visual acuity worse than 20/40, high myopia or hyperopia (greater than +4 or -4 diopters of spherical equivalent), poor image quality because of unstable fixation or severe cataracts, glaucomatous optic disc changes (such as excavation, notching, or focal thinning of the neuroretinal rim), peripapillary hemorrhage, any retinal or retinal pigment epithelium (RPE) abnormality that is detectable on OCT, any history of ocular disease, previous intraocular surgery or laser therapy, and smoking. Patients who had coronary artery disease, moderate to severe aortic and mitral regurgitation, aortic stenosis, hyperthyroidism, chronic obstructive pulmonary disease, or a severely calcified mitral valve structure were also excluded. The participants of both groups were asked not to consume caffeine-containing drinks for at least 12 hours.
Examination Protocol and Study Measurements
All of the participants underwent a comprehensive ophthalmologic examination that included a review of medical history, corrected distance visual acuity, visual field testing if indicated, slit lamp microscopy, intraocular pressure (IOP) measured by Goldmann applanation tonometry, and a dilated fundus examination. All participants also underwent central corneal thickness (CCT) and axial length (AL) measurements using an ultrasonic scan. All examinations were performed between 9 a.m. and 11 a.m. on the same day. 
EDI-OCT Measurement
All participants were examined by the Cirrus HD-OCT 4000 (Carl Zeiss Meditec, Dublin, CA). The scan pattern used on the Zeiss Cirrus, HD five-line raster, is a 6-mm line consisting of 4,096 A-scans. These images were taken with the vitreoretinal interface adjacent to the zero delay and were not inverted to bring the choroid adjacent to zero delay, because image inversion using the Cirrus software results in a low-quality image. The HD five-line raster has 20 B-scans averaged together without tracking. The procedure for EDI-OCT measurements has been previously described.
6 CT was measured from the outer portion of the hyperreflective line corresponding to the RPE of the inner surface of the sclera. The horizontal and vertical section running through the center of the fovea was selected for further analysis. Thus, the CT measurement was taken at the fovea and 1,000 µm away from the fovea in the nasal, temporal, superior, and inferior regions. Perpendicular lines were drawn from the posterior edge of the RPE to the choroid/ sclera junction using Cirrus HD-OCT software ( Figure) . The images were taken by an experienced technician and assessed by an experienced clinician (NS), both of them masked in terms of groups.
RNFL, Macula, and GCC Thickness Measurements
The thicknesses of the retinal nerve fiber layer (RNFL), macula, and ganglion cell complex (GCC) were measured with the Cirrus HD-OCT 4000. The OCT was performed with the 6 × 6 × 2-mm optic disc cube mode, which obtains a series of 200 horizontal scan lines that are each composed of 200 A-scans × 1.024 axial pixels covering a 6 × 6-mm grid centered on the optic disc. The device uses an acquisition rate of 27 A-scans per second at an axial resolution of 5 µm. A calculation circle with a 3.46-mm diameter is automatically positioned around the optic disc, and the Cirrus-OCT device extracts 256 A-scan samples along the path of the calculation circle from the data cube. Average GCC (ganglion cell layer + inner plexiform layer), macular thickness, and global, inferior, superior, nasal, and temporal RNFL values were obtained for the analysis. Scans that were decentered or had poorly colored cross-sections were excluded.
Statistical Analysis
All statistical tests were performed using SPSS (Statistical Package for the Social Sciences) version 16. The normality of the data was confirmed using the Kolmogorov-Smirnov test (P > .05). An independent t test was used to compare variables among groups. The categorical variables between the groups were analyzed with a chi-square test. Pearson correlation was used to examine the relationships among the measured variables. A P value of less than .05 was considered significant.
RESULTS
Demographic Findings
In this study, 25 eyes of 25 patients with atherosclerosis and ICA stenosis of varying severity (study group) and 25 eyes of 25 age-and gender-matched 
* Independent Student's t test
patients without ICA stenosis (control group) were included. The mean age, AL, and spherical equivalent of the two groups did not differ significantly. The demographic and clinical characteristics of the study participants are summarized in Table 1 . Table 2 shows the results of the between-group comparison of the degree of the ICA stenosis, the CT at the fovea and 1,000 µm away from the fovea in the nasal, temporal, superior, and inferior regions. There was a significant difference in the mean CT values at all quadrants (P < .05 for all points). Table  3 shows the correlation analysis between the degree and duration of ICA stenosis and choroidal thickness values. No significant correlation was found between the degree of ICA stenosis and CT values (P > .05 for all).
Choroidal Thickness
RNFL, Macula, and GCC Thicknesses
The mean thicknesses of the RNFL, macula, and GCC in the study and control groups appear in Table  4 . There was no statistically significant difference in these parameters between the two groups (P > .05).
DISCUSSION
This cross-sectional study showed that choroidal thickness was significantly thinner in patients with ICA stenosis compared with healthy patients without ICA stenosis who were age-and gender-matched. However, the RNFL, macular, and GCC thicknesses were similar between the groups.
Since Spaide et al described in vivo choroidal imaging with EDI-OCT in 2008, interest in the choroid has increased. 9 Choroidal thickness has been evaluated for various posterior segment diseases, such as glaucoma, age-related macular degeneration, central serous chorioretinopathy, retinitis pigmentosa, and myopia, and it has been used to explore different physiologic processes during the Valsalva maneuver, head-down tilt, and circadian changes, or after taking systemic sildenafil.
10-21
Recent studies also showed a significant decrease in CT due to smoking and drinking coffee.
22,23 Although several reports have described changes in ocular blood flow in patients with ICA stenosis, [24] [25] [26] there is limited information in the literature about the CT of patients with ICA stenosis. Ivashina et al used ultrasonic methods and found a significant decrease of the CT in both eyes of patients with bilateral hemodynamically significant stenosis of the carotid arteries. 27 However, vascular restoration operations on the carotid arteries have resulted in recovery of CT in all the patients with hemodynamically significant ICA stenosis. Our findings confirm the outcomes of the study by Ivashina et al. We found that CT at the central and paracentral fovea was thinner in patients with ICA stenosis. However, the degree of stenosis did not significantly correlate to all of the CT values. Choroidal circulation has one of the highest rates of blood flow in humans. 28 Perfusion of the choroid comes from both the long and short posterior ciliary arteries, which are divisions of OA, so CT may be influenced by ICA stenosis. Utsugi et al reported that ICA stenosis leads to choroidal hypoperfusion that results in multiple occlusions of the choriocapillaris and attenuated choroidal vessels.
3 Moreover, vasoconstriction may develop in orbital and choroidal vessels in response to low ocular blood flow, so the choroid may be thinner. Chronic ischemia caused by vasoconstriction in patients with ICA stenosis and the resulting RPE atrophy might also shrink CT. 
29,30
The pathogenesis of NVG might have multiple mechanisms, including retinal hypoxia, 31 and NVG secondary to ICA occlusion is usually resistant to treatment.
32 Chronic or intermittent decrease in blood flow to the optic nerve is partially responsible for glaucomatous optic neuropathy.
33
Glaucoma is characterized by the loss of retinal ganglion cells and their respective axons, both of which comprise the RNFL. 34, 35 Therefore, it is significant to evaluate the thickness of the RNFL and GCC to detect and prevent glaucomatous optic neuropathy in patients with ICA stenosis. In the current study, we observed no differences in RNFL and GCC thicknesses between the ICA stenosis group and the controls. Previous studies showed that blood flow through the retinal vessels was not influenced in any detectable way by the ligation of the carotid artery. [36] [37] [38] They suggested that the blood flow through the retinal vessels is well autoregulated in rabbits, cats, and monkeys. 37, 38 Presumably, retinal circulation in humans also may be controlled by local autoregulation, and, in cases of chronic severe stenosis, retinal circulation might be maintained by collateral circulation.
To the best of our knowledge, our study is the first to reveal that CT is thinner in patients with ICA stenosis than in patients without ICA stenosis. This study offers two important messages for clinicians. First, this finding shows that CT measurements with EDI-OCT may be valuable to determining ocular involvement in patients with ICA stenosis before the occurrence of clinical findings. Second, our results should be considered when CT is measured for chorioretinal diseases.
However, our study has some limitations. The manual measurement of CT is one of the principal drawbacks of this study. Current OCT equipment does not provide software for the automated measurement of CT, so all identifications of Bruch's membrane and the inner scleral border were conducted manually. It is our hope that software for segmenting the choroid automatically will be available in the near future. Moreover, we did not longitudinally observe the patients, so we do not know whether their CT changed after carotid endarterectomy. A prospective longitu- dinal study is necessary for evaluating CT changes before and after the carotid endarterectomy of patients with ICA stenosis. Another shortcoming of this study was the small number of patients. Nevertheless, we used rigid rules for inclusion and exclusion criteria, and we would like to emphasize that this study was a pilot study. In summary, the findings of this pilot study demonstrate that patients with ICA stenosis have thinner choroids compared with those of patients without ICA stenosis, yet both groups have similar RNFL, retinal, and GCC thicknesses. These findings might be helpful to understanding the pathophysiological changes during ICA stenosis and should be considered when CT is evaluated for chorioretinal diseases and clinical investigations.
